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Polybrominated diphenyl ethers (PBDEs) are 
flame retardants used in polyurethane foam, 
plastics, textiles, and electronics. They are semi-
volatile, persistent, bioaccumulative compounds 
that have been produced in three technical 
preparations named according to their average 
bromine content: penta-BDE, octa-BDE, and 
deca-BDE. Penta-BDE and octa-BDE were 
voluntarily phased out in the United States and 
Europe in 2004. However, exposure to PBDEs 
is likely ongoing as these compounds continue 
to migrate out of products manufactured before 
this time. Additionally, deca-BDE, which is still 
used in consumer electronics, wire insulation, 
and back coatings of draperies and upholstery, 
may devolve into lower-brominated congeners 
(Stapleton and Dodder 2008).

Lower-brominated PBDEs are endocrine-
disrupting compounds with long half-lives in 
humans ranging from 2 to 12 years (Geyer 
et al. 2004). Higher exposure levels are associ-
ated in humans with longer time-to-pregnancy 
(Harley et al. 2010), altered menstrual cycles 
(Chao et al. 2010), decreased sperm counts 
(Akutsu et al. 2008), altered thyroid hormone 
levels in adults (Chevrier et al. 2010; Meeker 
et al. 2009; Turyk et al. 2008) and infants 
(Herbstman et al. 2008), and developmental 

neurotoxicity in children exposed prenatally 
(Herbstman et al. 2010; Roze et al. 2009).

Because PBDEs are not chemically bound 
to substrates, they are found in household dust, 
food and, to a lesser extent, air (Frederiksen 
et al. 2009; Lorber 2008). Previous studies 
suggest that ingestion and dermal absorp-
tion of house dust is the primary route of 
PBDE exposure in the United States, particu-
larly among children (Johnson-Restrepo and 
Kannan 2009; Lorber 2008; Stapleton et al. 
2008). It is estimated that up to 91% of the 
body burden of a breast-fed infant is acquired 
via breast milk (Johnson-Restrepo and Kannan 
2009), but as children begin to interact more 
with their environment, an increasing propor-
tion of exposure is due to non dietary ingestion 
of dust resulting from hand-to-mouth con-
tact (Stapleton et al. 2008). Johnson-Restrepo 
and Kannan (2009) estimated that 77% of 
body burdens in 1- to 5-year-olds and 58% 
in 6- to 11-year olds could be attributable to 
dust. PBDE concentrations in house dust are 
significantly correlated with levels in breast 
milk (Wu et al. 2007) and in serum of adults 
(Johnson et al. 2010).

PBDE serum concentrations are about 
20 times higher in the United States than 

in Europe (Hites 2004; Sjödin et al. 2008a; 
Zuurbier et al. 2006), with data from the U.S. 
National Health and Nutrition Examination 
Survey (NHANES) showing the highest lev-
els in California residents (Zota et al. 2008). 
Windham et al. (2010) documented higher 
levels of penta-BDE congeners in 6- to 9-year-
old girls from California (n = 343) [adjusted 
geometric mean (GM) of the sum of six con-
geners: 89.8 ng/g lipid] than in those from 
Ohio (n = 256) (65.9 ng/g lipid); Windham 
et al. hypothesized that this result was attrib-
utable to California’s unique furniture flam-
mability laws. Another study of California 
children (average age = 3.7 years) with autism 
(n = 50) or developmental delay (n = 25) and 
children from the general population (n = 25) 
found that Hispanic children (n = 44) had 
lower levels of the higher-brominated PBDEs 
than non-Hispanic children (Rose et al. 
2010). They also observed that children of 
Mexican-born mothers had lower PBDE 
concentrations than children of U.S.-born 
mothers. PBDE levels in the children were 
unrelated to the length of time foreign-born 
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Background: Polybrominated diphenyl ethers (PBDE), which are used as flame retardants, have 
been found to be higher in residents of California than of other parts of the United States.

oBjectives: We aimed to investigate the role of immigration to California on PBDE levels in 
Latino children.

Methods: We compared serum PBDE concentrations in a population of first-generation Mexican-
American 7-year-old children (n = 264), who were born and raised in California [Center for Health 
Analysis of Mothers and Children of Salinas (CHAMACOS) study], with 5-year-old Mexican 
children (n = 283), who were raised in the states in Mexico where most CHAMACOS mothers had 
originated (Proyecto Mariposa).

results: On average, PBDE serum concentrations in the California Mexican-American children 
were three times higher than their mothers’ levels during pregnancy and seven times higher than 
concentrations in the children living in Mexico. The PBDE serum concentrations were higher in 
the Mexican-American children regardless of length of time their mother had resided in California 
or the duration of the child’s breast-feeding. These data suggest that PBDE serum concentrations in 
these children resulted primarily from postnatal exposure.

conclusions: Latino children living in California have much higher PBDE serum levels than their 
Mexican counterparts. Given the growing evidence documenting potential health effects of PBDE 
exposure, the levels in young children noted in this study potentially present a major public health 
challenge, especially in California. In addition, as PBDEs are being phased out and replaced by 
other flame retardants, the health consequences of these chemical replacements should be investi-
gated and weighed against their purported fire safety benefits.
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mothers had lived in the United States; how-
ever, only 13 of these foreign-born mothers 
were from Mexico. Currently, more than half 
of California’s children (52%) are born to 
Latina mothers (California Perinatal Profiles 
2009), of whom most are of Mexican origin. 
More than half of these Mexican-American 
children are born to immigrant parents (U.S. 
Census Bureau 2009).

In this analysis, we compared blood con-
centrations of PBDEs in two large groups of 
children of Mexican origin: a) 264 7-year-old 
Mexican-American children born and raised 
in California, and b) 283 5-year-old children 
born and raised in the Mexican states from 
which most of the mothers of the U.S.-born 
children had emigrated. We also measured 
blood concentrations of two other persistent 
organic pollutants: p,p´-dichlorodiphenyl-
trichloroethane (DDT) and its breakdown 
product p,p´-dichlorodiphenyldichloroethylen
e (DDE). In contrast to PBDEs, DDT has not 
been used in the United States since 1972 but 
was used in Mexico until 2000. Given the dif-
ferences in historical use of these chemicals, we 
hypothesized that Mexican-American children 
living in California would have higher levels of 
PBDEs but lower levels of DDT/DDE than 
their Mexican counterparts. By comparing 
these two populations, we sought to better 
understand the influence immigration has on 
PBDE levels in California Latino children and 
the relative contributions of PBDE exposure 
in utero and during early childhood.

Methods
Participants and procedures. Children in this 
binational investigation participated in two 
affiliated studies, one located in California 
[Center for the Health Assessment of Mothers 
and Children of Salinas (CHAMACOS)] and 
the other in Mexico (Proyecto Mariposa). 
Written consent for maternal and child partici-
pation was obtained from all mothers. Assent 
was obtained from the CHAMACOS 7-year-
olds. Human subjects protocols for both 
studies were approved by institutional review 
boards at University of California, Berkeley, 
and for Proyecto Mariposa, at the National 
Institute of Public Health in Mexico.

Detailed methods about the CHAMACOS 
study are described elsewhere (Eskenazi et al. 
2003, 2004). Briefly, between 1999 and 2000, 
pregnant women were enrolled from prenatal 
clinics serving a low-income, Spanish-speaking 
farm worker population in the Salinas Valley 
in Monterey County, California. Women 
were eligible if they were ≤ 20 weeks gesta-
tion at enrollment, were ≥ 18 years of age, 
spoke Spanish or English, qualified to receive 
 poverty-based government health insurance, 
and planned to deliver at the local county 
hospital. Of the 601 participants enrolled, 
526 were followed to delivery of a live-born 

singleton infant. A total of 346 women pro-
vided a prenatal blood sample of sufficient 
volume for analysis. Structured interviews 
collecting demographic and other informa-
tion were conducted in English or Spanish by 
 bilingual, bicultural study staff during preg-
nancy and at various ages during childhood. 
Blood was collected when the children were 
7 years of age (n = 339) and occurred between 
March 2007 and November 2008. For the 
present analysis, we excluded twins (n = 6), 
children lacking 7-year PBDE measurements 
(n = 59), and children whose mothers were not 
born in Mexico or of Mexican ancestry (n = 8). 
In addition, two children were missing 7-year 
lipid measurements. The final sample size was 
264. Seven-year-old children with missing 
chemical measurements were not appreciably 
different in sociodemographic characteristics, 
including the length of time their mothers had 
lived in the United States, from those included 
in these analyses. There were 160 mother–child 
pairs with serums analyzed for PBDEs and 
organochlorine (OC) pesticides. We found no 
statistical difference in demographic charac-
teristics between these 160 mother–child pairs 
and those without maternal blood (n = 104) 
except that the latter mothers had lived in the 
United States longer. Additionally, there were 
no differences in child PBDE or DDT/DDE 
levels between the two groups.

Detailed methods for Proyecto Mariposa 
have been described previously (Rosas et al. 
2009). We recruited a low-income population 
in Mexico that was demographically similar to 
the CHAMACOS population. In both popu-
lations, the children had access to health care 
and were receiving government benefits for 
nutrition. In Mexico, between May and June 
2006, we recruited a convenience sample of 
women and their 5-year-old children from 
government-run community health clinics 
serving families enrolled in the social wel-
fare program Oportunidades. We enrolled 
participants from high-migration communi-
ties in the states of Michoacán, Guanajuato, 
and Jalisco, the states from which most of the 
CHAMACOS women originated.

Women and their children were eligible 
to participate if their child was approximately 
5 years of age, the mother spoke fluent Spanish 
and was at least 18 years of age when her child 
was born, and the mother and child were cur-
rently receiving Oportunidades benefits, had 
lived exclusively in Mexico, and had not been 
to the United States for longer than 1 month. 
Of 317 families in the Proyecto Mariposa 
sample, 283 provided birth and demographic 
information and child blood samples of suf-
ficient volume to perform chemical measure-
ments. In Proyecto Mariposa, women were 
interviewed in Spanish by trained interview-
ers using a structured questionnaire similar 
to that used for CHAMACOS, although 

information about early childhood and 
pregnancy was obtained retrospectively for 
Proyecto Mariposa.

Blood collection and chemical analysis. 
Maternal blood samples were collected from 
the CHAMACOS women around the 26th 
week of gestation. Child blood samples were 
collected from the CHAMACOS and Proyecto 
Mariposa cohorts at the time of the interview 
and were immediately processed, with the 
sera stored at –80°C until shipment on dry ice 
to the U.S. Centers for Disease Control and 
Prevention (CDC; Atlanta, GA), where they 
were analyzed. PBDEs and OC pesticides were 
measured in serum using gas chromatography/
isotope dilution high-resolution mass spectrom-
etry (Sjödin et al. 2004). Samples were analyzed 
for 10 tri- to hepta-brominated congeners, 
BDEs 17, 28, 47, 66, 85, 99, 100, 153, 154, 
and 183 and for OC pesticides including DDT 
and DDE. Total lipids were determined based 
on the measurement of triglycerides and total 
cholesterol in serum using standard enzymatic 
methods (Roche Chemicals, Indianapolis, IN, 
USA) (Phillips et al. 1989).

Data analysis. Statistical analyses were con-
ducted using Stata for Windows, version 10.1 
(StataCorp LP, College Station, TX, USA).

We compared demographic characteris-
tics for the two populations using t-tests for 
continuous and chi-square tests for categori-
cal characteristics. Breast-feeding duration 
was censored at age 24 months. We calcu-
lated z-scores for children’s body mass index 
(BMI) (kilograms per square meter) using 
sex-specific BMI-for-age percentile data issued 
in 2000 by the CDC (National Center for 
Health Statistics 2005). CHAMACOS moth-
ers’ length of time living in the United States 
at pregnancy was examined both as a con-
tinuous and as a categorical variable (≤ 1 year, 
2–5 years, 6–10 years, or 11 years to lifetime).

Concentrations of PBDEs and OC pes-
ticides were expressed on a blood lipid basis. 
PBDE congeners with < 65% detection fre-
quency in both populations (BDEs 17, 66, 
and 183) were not included in these analyses. 
Values below the limit of detection (LOD) for 
which a signal was detected were coded with 
the concentration obtained; when no signal 
was detected, values were coded as the low-
est concentration obtained for that congener 
divided by the square root of two (Hornung 
and Reed 1990). To compare PBDE levels 
between groups, we examined individual con-
geners and also calculated a direct sum of the 
seven congeners with at least 65% detected in 
either of the two populations (BDEs 28, 47, 
85, 99, 100, 153, 154).

We transformed the individual and 
summed PBDE and OC pesticide concentra-
tions to the log10 scale to approximate a nor-
mal distribution. We used t-tests to compare 
GMs and Pearson correlations to examine 
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the correlations among PBDE congeners. 
We also employed Pearson correlations 
and GMs to examine relationships between 
serum concentrations for the CHAMACOS 
mother–child pairs.

We calculated for both the CHAMACOS 
and Proyecto Mariposa cohorts the unadjusted 
beta coefficients for the association between 
exposure concentrations (PBDEs, DDT, and 
DDE) and child’s breast-feeding duration.

We determined the unadjusted and 
adjusted beta coefficients and GMs and 
95% confidence intervals (CIs) for children’s 
PBDEs (BDEs 47, 99, 100, and 153), DDT, 
and DDE concentrations by the mothers’ 
duration (years) living in the United States 
at the time of pregnancy. The mothers’ time 
living in the United States was examined as 
both a continuous variable (left-censored at 
18 years) and as a categorical variable. Proyecto 
Mariposa mothers lived in Mexico for their 
lifetime, that is, 0 years in the United States. 
The multivariable models were adjusted for the 
child’s BMI z-score, breast-feeding duration, 
and maternal parity (parous or not). p-Values 
≤ 0.05 were considered statistically significant.

Results
Slightly more children in both cohorts were 
girls. CHAMACOS mothers were more edu-
cated than Proyecto Mariposa mothers, with 
about 20% versus < 1% having at least a high 
school education. CHAMACOS mothers 
were more likely to be multiparous and were 
slightly younger at delivery. Although almost 
all children in both cohorts had been breast-
fed, CHAMACOS mothers breast-fed the 
index child a shorter period of time (mean = 
8.9 months) than Proyecto Mariposa moth-
ers (mean = 11.3 months). CHAMACOS 
children were heavier than Proyecto Mariposa 
children, as reflected in the BMI z-score 

adjusted for age and sex [see Supplemental 
Material, Table 1 (http://dx.doi.org/10.1289/
ehp.1002874)].

Of the 10 congeners, seven had > 65% 
detection (BDEs 28, 47, 85, 99, 100, 153, 
and 154) in the CHAMACOS population, 
compared with only four congeners (BDEs 47, 
99, 100, and 153) in the Proyecto Mariposa 
population. Table 1 presents the levels and 
distributions for the serum concentrations of 
these seven PBDE congeners and their sums 
for the CHAMACOS and Proyecto Mariposa 
children. GMs, medians, and the 90th percen-
tiles for all seven PBDE congeners were higher 
in CHAMACOS than Proyecto Mariposa 
children. The GM (95% CI) of the sum 
of the seven congeners (ΣPBDE) was 87.8 
(80.0–96.3) ng/g lipid for CHAMACOS ver-
sus 12.3 (11.0–13.8) ng/g lipid for Proyecto 
Mariposa children. The concentration of 
ΣPBDE exceeded 100 ng/g lipid for 42% of 
CHAMACOS children compared with only 
4% of Proyecto Mariposa children. The seven 
congener concentrations were highly cor-
related within both groups (CHAMACOS: 
r = 0.46–0.97; p < 0.0001; Proyecto Mariposa: 
r = 0.57–0.96; p < 0.0001).

PBDEs were measured in blood collected 
at age 5 years as well as at age 7 years for eight 
CHAMACOS children. We found that the 
levels at 5 years of age were slightly higher; 
specifically, for the ΣPBDE, the GM (95% 
CI) was 188.4 (78.6–451.9) ng/g lipid at 
5 years and 128.2 (66.5 –247.0) ng/g lipid at 
7 years (paired t-test p = 0.10).

Mean blood concentrations of ΣPBDE 
in CHAMACOS mothers during their preg-
nancy were significantly lower than levels 
measured 7 years later in their children [GM 
(95% CI) = 25.0 (21.5–29.0) ng/g lipid vs. 
85.8 (76.2–96.6) in their children (paired 
t-test p = < 0.001)] and were moderately 

correlated (r = 0.25; p = 0.002). The median, 
75th percentile and 90th percentile blood 
concentrations of ΣPBDE in CHAMACOS 
children at age 7 years were three or more 
times higher than those of their mothers at 
26 weeks of gestation (data not shown).

For the CHAMACOS cohort, length of 
time the child breast-fed was positively associ-
ated with the child’s serum concentrations 
of BDE-47 [percent change in concentration 
per month breast fed (95% CI) = 1.1% (–0.2 
to 2.4); p = 0.10)], BDE-99 [1.4% (–0.1 to 
2.9); p = 0.06], BDE-100 [0.9% (–0.4 to 2.2); 
p = 0.19], BDE-153 [0.7% (–0.5 to 1.9); p = 
0.23], and ΣPBDE [1.0% (–0.2 to 2.3); p = 
0.12], albeit not significantly. With the excep-
tion of BDE-153 [2.0% (0.6–3.4); p = 0.004], 
associations with breast-feeding duration in the 
Proyecto Mariposa cohort were even weaker 
than for the CHAMACOS cohort, that is, 
BDE-47: 0.5% (–1.3 to 2.3), p = 0.62; BDE-
99: 0.8% (–1.2 to 2.8); p = 0.42; BDE-100: 
0.7% (–1.0 to 2.4); p = 0.41; and ΣPBDE: 
0.9% (–0.8 to 2.6); p = 0.29.

Within the CHAMACOS cohort, the 
child’s ΣPBDE serum concentration increased 
1.8% (95% CI, 0.2–3.5%; p = 0.03) for each 
year his or her mother resided in the United 
States, after adjusting for breast-feeding dura-
tion, parity and child’s BMI z-score. We also 
observed similar positive relationships for 
length of U.S. residence and the concentra-
tions of individual congeners [BDE-47: 1.8% 
(0.1–3.6), p = 0.04; BDE-99: 1.6% (–0.2 to 
3.6), p = 0.09; BDE-100: 1.8% (0.2–3.4), 
p = 0.05; and BDE-153: 2.1% (0.7–3.5), 
p = 0.004]. There was no appreciable dif-
ference when the results were not adjusted 
for breast-feeding and other covariates. In 
Figure 1A, adjusted GMs for PBDE levels in 
children are shown for the Proyecto Mariposa 
cohort and according to categories of 

Table 1. Distributions of concentrations of individual PBDE congeners and their sum by lipid-weight values (nanograms per gram lipid) in serum for Mexican-
American children from the CHAMACOS study (n = 264; age 7 years) and Mexican children from Proyecto Mariposa (n = 283; age 5 years).

Study 
population

Percent 
> LOD

LOD 
range

Serum concentrations (ng/g lipid)
Congener Minimum 10th 25th 50th 75th 90th Maximum GM (95% CI)
BDE-28 CHAMACOS 89 0.3–5.6 < LOD 0.6 1.3 2.1 3.5 5.6 22.5 1.8 (1.6–2.1)

Mariposa 20 0.3–4.5 < LOD < LOD < LOD 0.2 0.4 0.9 11.1 0.2 (0.2– 0.2)
BDE-47 CHAMACOS 100 0.4–8.0 1.9 17.4 27.7 46.9 76.8 136.0 582.0 47.1 (42.6–52.0)

Mariposa 92 0.8–12.1 0.3 1.8 2.8 4.8 8.8 21.7 260.0 5.6 (4.9–6.4)
BDE-85 CHAMACOS 69 0.3–5.6 < LOD 0.3 0.6 0.9 1.6 2.6 13.5 0.9 (0.8–1.0)

Mariposa 13 0.3–4.5 < LOD < LOD 0.1 0.1 0.3 0.6 6.6 0.2 (0.2– 0.2)
BDE-99 CHAMACOS 100 0.3–5.6 0.4 3.7 6.2 10.6 19.3 36.8 193.0 11.1 (9.9–12.3)

Mariposa 73 0.5–7.3 < LOD 0.5 0.8 1.4 2.9 7.0 135.0 1.6 (1.4–1.9)
BDE-100 CHAMACOS 100 0.3–5.6 0.8 3.9 5.9 10.8 16.5 32.4 127.0 10.6 (9.7– 11.7)

Mariposa 92 0.3–4.5 < LOD 0.5 0.9 1.5 2.5 6.4 63.0 1.6 (1.4–1.8)
BDE-153 CHAMACOS 100 0.3–5.6 0.9 4.9 6.8 11.5 19.9 31.6 95.7 12.0 (10.9–13.1)

Mariposa 99 0.3–4.5 0.4 1.0 1.4 2.1 3.7 7.0 52.3 2.4 (2.2–2.6)
BDE-154 CHAMACOS 79 0.3–5.6 < LOD 0.4 0.7 1.1 1.9 3.5 14.1 1.2 (1.1–1.3)

Mariposa 17 0.3–4.5 < LOD < LOD 0.1 0.2 0.4 0.7 13.4 0.2 (0.2– 0.2)
Σ PBDEa CHAMACOS — — 6.3 33.3 52.9 89.1 135.0 236.9 1,011.1 87.8 (80.0–96.3)

Mariposa — — 1.1 4.4 6.4 10.7 19.0 45.7 487.3 12.3 (11.0–13.8)

10th, 25th, 50th, 75th, and 90th are percentiles.
aComprising BDEs 28, 47, 85, 99, 100, 153, and 154.
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mother’s length of time living in the United 
States at pregnancy for the CHAMACOS 
cohort. For all congeners, children born in 
the United States had significantly higher lev-
els than children born in Mexico, regardless 
of the length of the maternal residence in the 
United States (p < 0.001), even for the chil-
dren whose mothers had lived in the United 
States ≤ 1 year at the time of pregnancy.

Table 2 presents serum concentrations 
for DDT and DDE. In contrast to PBDEs, 
the serum concentrations for DDT and DDE 
for CHAMACOS children were considerably 
lower than those for Proyecto Mariposa chil-
dren. Only 20% of CHAMACOS children 
had DDT serum levels > LOD, compared 
with 69% of Proyecto Mariposa children. 
Even though DDE levels were > LOD for 
all children in both studies, the unadjusted 
GMs of DDE concentrations were more 
than twice as high for the Mexican than 
for the Mexican-American children [GM = 
461.9 (396.6–538.0) ng/g lipid vs. 215.2 
(185.9–249.0) ng/g lipid] and the 95% 
CIs for the two groups did not overlap 
(p < 0.001). In the CHAMACOS cohort, 
maternal and child DDT and DDE levels 
were strongly correlated (DDE r = 0.63, 
DDT r = 0.71, p < 0.001, n = 230). In con-
trast to the pattern observed for PBDEs, 
the median, 75th, and 90th percentiles of 
maternal serum concentrations during preg-
nancy were six or more times higher for 
DDE and DDT than the children’s serum 
concentrations at 7 years (data not shown). 

Children’s DDE and DDT levels were 
related to the length of time breast-fed for the 
CHAMACOS children [percent change in 
concentration per month breast-fed (95% CI) 
= DDE: 9.6% (7.8–11.4), p = < 0.001; DDT: 
5.3% (3.5–7.1), p = < 0.001] but less so for 
the Proyecto Mariposa cohort [DDE: 3.4% 
(1.2–5.7), p = 0.002; DDT: 1.8% (–1.2 to 
4.9), p = 0.24].

Among CHAMACOS children, the length 
of time the mother had lived in the United 
States (continuous variable) was inversely 
related to the child’s serum concentrations 
of DDE and DDT adjusted for breast-feed-
ing duration, parity, and BMI z-score [per-
cent change in concentration per year in the 
United States (95% CI) = DDE: –2.5% (–4.5 
to –0.5), p = 0.02; DDT: –3.6 (–5.7 to –1.4), 
p = 0.001] (Figure 1B). The children whose 
mothers had lived in the United States for 
even ≤ 1 year at the time of pregnancy had 
lower levels of DDT (p = 0.002) and some-
what lower levels of DDE (p = 0.12) than the 
Mexican children.

Discussion
We found that PBDE serum concentrations 
in a cohort of California Mexican-American 
school-age children were three times higher 
than concentrations in their mothers during 
pregnancy (about 7 years earlier) and seven 
times higher than those in children living 
in Mexico. The differences between PBDE 
levels in the two childhood cohorts were 
found regardless of whether we controlled 

for duration of breast-feeding, an important 
source of PBDE exposure in young children 
(Daniels et al. 2010; Hooper et al. 2007). 
The fact that the CHAMACOS children 
whose mothers lived in the United States at 
the time of pregnancy for even ≤ 1 year had 
higher levels than Mexican children supports 
the hypothesis that most of the body burden 
measured in the CHAMACOS 7-year-olds 
was not a residual of breast-feeding. Instead, 
the principal sources of children’s exposure 
were likely house dust and food (Frederiksen 
et al. 2009; Lorber 2008).

In contrast to the pattern we observed 
for PBDEs, DDT/DDE levels in the chil-
dren decreased with the time their mothers 
had lived in the United States; even children 
whose mothers had lived in the United States 
≤ 1 year had lower levels than Mexican chil-
dren. DDT has been banned in the United 
States since the 1970s but was used in parts 
of Mexico until 2000. Therefore, the expo-
sure of CHAMACOS children to DDT likely 
occurred in utero or from breast-feeding, with 
little environmental (Hwang et al. 2008) 
or nonlactational dietary (Food and Drug 
Administration 2002) exposure to DDT while 
living in the United States, whereas in Mexico 
there may have been continued environmental 
exposure. This hypothesis is supported by the 
stronger relationship between breast-feeding 
and DDT/DDE levels in the CHAMACOS 
cohort than in Proyecto Mariposa.

We also observed PBDE concentrations in 
CHAMACOS children that were three times 

Table 2. Distributions of serum concentrations of p,p´-DDT and p,p´-DDE in Mexican-American children from the CHAMACOS study (n = 264; age 7 years) and 
Mexican children from Proyecto Mariposa (n = 283; age 5 years).

Study 
population

Percent 
> LOD

LOD 
range

Serum concentrations (ng/g lipid)
Chemical Minimum 10th 25th 50th 75th 90th Maximum GM (95% CI)
DDT CHAMACOS 20 1.4–27.8 < LOD 0.8 1.1 1.6 2.8 6.9 1,430 2.1 (1.8–2.4)

Mariposa 69 1.4–22.7 < LOD 1.6 2.5 3.8 8.7 86.7 3,700 7.0 (5.6–8.6)
DDE CHAMACOS 100 2.4–49.0 25.2 62.5 95.2 163.0 392.5 1,190 23,300 215.2 (185.9–249.0)

Mariposa 100 2.5–40.0 49.2 121.0 200.0 357.0 741.0 2,440 34,500 461.9 (396.6–538.0)
10th, 25th, 50th, 75th, and 90th are percentiles.

Figure 1. GMs (adjusted for parity, breast-feeding duration, and child BMI z-score) and 95% CIs for PBDE congeners (A) and DDT and DDE (B) in child serum by 
length of time mother lived in the United States at time of pregnancy (CHAMACOS children at 7 years, Proyecto Mariposa children at 5 years). 
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higher than in their mothers. The higher  levels 
in children than adults are consistent with 
results from other studies. For example, in a 
case report of a northern California family, 
Fischer et al. (2006) reported PBDE levels 
in the children two to five times higher than 
those of their parents. A recent investigation 
of 20 U.S. mothers and their 1.5- to 4-year-
olds found that PBDE concentrations were 
about 2.8 times higher in the children than in 
their mothers (blood samples were collected at 
the same time) (Lunder et al. 2010). Higher 
levels of PBDE in children may be attribut-
able to greater frequency of hand-to-mouth 
contact among children compared with adults 
(Stapleton and Dodder 2008), a pattern con-
sistent with exposure routes for lead, another 
persistent toxicant for which nondietary 
ingestion in dust is a primary exposure route 
(Dixon et al. 2009). However, unlike these 
previous studies, the maternal and child blood 
samples in CHAMACOS were not collected 
concurrently (maternal blood was collected 
during pregnancy and children’s blood was 
collected approximately 7 years later). Thus, 
we cannot rule out that the higher levels 
observed in the children are due at least partly 
to differences in the years of blood collection. 
Although penta-PBDEs were phased out after 
2004, exposure likely continued, given the 
ongoing release of PBDEs from aging mate-
rials produced before the phase-out. These 
PBDEs potentially accumulated and persisted 
in environmental media, resulting in higher 
contamination and exposure by the time of 
the later blood collection of the children.

The few studies of PBDEs in children’s 
blood worldwide indicate that children living 
in California have some of the highest docu-
mented PBDE serum concentrations. Figure 2 
presents concentrations measured in Mexican 
and Mexican-American children. Except for 
BDE-153, the blood concentrations for the 
 penta-BDE congeners in the CHAMACOS 

cohort are similar to those reported by 
Windham et al. (2010) (Windham G, personal 
communication) for 89 Hispanic girls, the vast 
majority of whom were California residents 
(n = 80). PBDE levels in the CHAMACOS 
children were higher than in a representa-
tive sample of Mexican-American children 
(12–19 years old) born in the United States 
and even higher than those born in Mexico 
(NHANES) for all congeners except BDE-85 
(Sjödin et al. 2008b). The PBDE levels in 
CHAMACOS children were not only higher 
than in Mexican children in Proyecto Mariposa, 
but also higher (for all congeners except BDE-
154) than in children 6–13 years of age from 
six other areas of Mexico, including those chil-
dren living in communities selected because 
of proximity to landfills or industry (e.g., an 
electronics assembly plant or brick kilns) (Perez-
Maldonado et al. 2009). To date, the PBDE 
levels measured in California children are 
exceeded only by levels reported for a study of 
children living and working on hazardous waste 
sites in Nicaragua (Athanasiadou et al. 2008).

As noted by Zota et al. (2008), high lev-
els of flame retardants in California homes 
and residents may be an unintended conse-
quence of government regulation. California 
has unique furniture flammability standards, 
the most important of which is Technical 
Bulletin 117 (TB 117), which was promul-
gated in the mid-1970s (California Bureau 
of Electronic and Appliance Repair 2000). 
The enforcement of TB 117 has resulted in 
the addition of millions of pounds of flame 
retardants to polyurethane foam used in seat-
ing furniture and infant products, such as car 
and other transportation seats, strollers, and 
carpet pads. Until 2005, the predominant 
chemical flame retardant used to comply with 
TB 117 was penta-BDE. The PBDE conge-
ners analyzed in this study are all found in 
penta-BDE, with BDE-47 and BDE-99 the 
most common congeners by weight. Because 

these compounds are semivolatile and are 
not chemically bound to substrates, they can 
migrate into the indoor environment, par-
ticularly into house dust. This may explain 
why the levels of penta-BDE congeners are 
7 to 10 times higher in house dust collected 
in California versus other parts of the United 
States and Canada (Zota et al. 2008). House 
dust exposures may explain elevated PBDE 
levels in children, given their proximity to the 
floor and frequent hand-to-mouth behaviors 
(Stapleton et al. 2008).

This investigation has several strengths. It 
is one of the largest studies of PBDE expo-
sures in children in the world and the larg-
est of Latino children. We have conducted 
the first binational study of PBDEs in com-
parable populations in the United States 
(CHAMACOS) and Mexico (Proyecto 
Mariposa) and with similar methods of 
data collection and analyses. The Proyecto 
Mariposa provides some of the first data on 
PBDE levels in Mexican children, as only one 
previous smaller study has been conducted on 
children who were primarily selected for high 
exposure (Perez-Maldonado et al. 2009). In 
addition, CHAMACOS is the only longitudi-
nal study of PBDEs in children followed from 
the in utero period to childhood, and thus 
allowed for the examination of both prenatal 
and childhood exposure.

This report also has several limitations. 
Ideally, we would have liked to compare 
PBDE levels obtained from the two popu-
lations at the same ages. Nevertheless, we 
were able to measure PBDEs in samples 
from eight children at both 5 and 7 years 
of age, and found that the concentrations 
were only slightly higher when the children 
were younger. This observation is in accor-
dance with that of Toms et al. (2009), who 
found that Australian children 2.6–3 years 
of age had the highest blood concentrations 
relative to those of infants, older children, 
and adults, which suggested the possibility 
that PBDE body burdens may decline after 
early childhood. Thus, we may have slightly 
underestimated the differences between the 
Mexican-American and Mexican cohorts 
because of the younger age of the Mexican 
cohort. Another limitation of this study is 
that we did not measure some of the higher-
brominated compounds such as BDE-209. 
However, in a study of California children, 
BDE-209 represented a very small fraction 
of the total blood concentrations of PBDEs 
(Rose et al. 2010).

CHAMACOS comprises a unique popula-
tion of Mexican-American children who have 
elevated serum concentrations of PBDEs by 
virtue of living in California and were born 
and breast-fed from mothers with high levels 
of DDT/DDE because they emigrated from 
Mexico (Bradman et al. 2007). In addition, as 

Figure 2. Unadjusted GMs of serum concentrations of PBDE congeners in Mexican-American children 
in CHAMACOS and Mexican children in Proyecto Mariposa compared with concentrations from other 
cohorts of Latino children. 
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is true of more than a quarter of Latino chil-
dren living in California, the CHAMACOS 
participants live in poverty (Annie E. Casey 
Foundation 2003). Zota et al. (2008, 2010) 
have suggested that PBDE levels may be higher 
in lower-income homes because of the presence 
of poorly manufactured furniture, deteriorated 
PBDE-treated furniture foam, and poorer ven-
tilation. We recently reported (Quirós-Alcalá 
et al. 2011) that the median levels of PBDEs 
in dust collected from 20 homes of Mexican 
immigrants in Salinas and in Oakland were up 
to 20 times higher than those found in homes 
elsewhere in the United States (Quirós-Alcalá 
et al. 2011; Stapleton et al. 2005; Zota et al. 
2008). The maximum PBDE concentrations 
in the Oakland urban homes were the high-
est reported to date in the United States and 
much higher than those reported from Europe 
and Asia (Harrad et al. 2008; Tan et al. 2007).

Given the growing evidence document-
ing potential health effects of PBDE expo-
sure (Chevrier et al. 2010; Harley et al. 2010; 
Herbstman et al. 2010; Roze et al. 2009), the 
levels in young children noted in this study 
present a major public health challenge. 
Although this challenge is particularly pro-
nounced for California children, it is also rel-
evant to other regions in the United States, 
where exposures are increased through manu-
facturing practices seeking to achieve TB 117 
compliance even in products not destined for 
California. This practice has resulted in the dis-
semination of penta-BDE-containing products 
throughout the United States. Some penta-
BDE substitutes have recently been detected 
with high frequency in furniture foam and 
house dust collected outside of California 
(Stapleton et al. 2009), suggesting the poten-
tial for ongoing flame retardant exposures 
in homes and offices throughout the United 
States, due at least in part to rules developed 
in California over three decades ago. With the 
legislative ban of penta-BDE in products sold 
in California, other halogenated flame retar-
dants, including chlorinated organophosphates 
and a variety of proprietary mixtures contain-
ing halogenated aromatic compounds, have 
been used instead to comply with TB 117. 
Thus, children’s exposure to organohalogen 
flame retardant chemicals used in furniture 
will continue given current regulations and will 
need to be documented. In addition, the toxi-
cology and health consequences of chemical 
replacements to penta-BDE should be investi-
gated and weighed against their purported fire 
safety benefits.
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